Simultaneous determination of N-acetyl-L-cysteine (NAC), uric acid (UA) and tryptophan (Trp) has been studied at the surface of glassy carbon electrode (GCE) in the present of 4-chlorocatechol as a homogenous electrochemical catalyst in aqueous media. The electrocatalytic properties of GCE in the present of 4-chlorocatechol toward the electrocatalytic oxidation of NAC, UA and Trp was studied using cyclic voltammetry (CV), double-step potential chronoamperometry and differential pulse voltammetry (DPV). The results show that NAC participates in the reaction with electrogenerated quinone from electrooxidation of 4-chlorocatechol at surface of GCE to form the corresponding thioquinone derivative. The reoxidation of the adduct leads to increase in the oxidative current which is proportional to the concentration of NAC. Differential pulse voltammogram peak currents of NAC, UA and Trp increased linearly with their concentrations in the ranges of 5.0 -45.0 µM, 10.0 -50.0 µM and 5.0 -55.0 µM, respectively and the detection limits for NAC, UA and Trp were sequentially 3.55 µM, 6.96 µM and 4.41 µM. The proposed method was employed for simultaneous determination of NAC, UA and Trp in the pharmaceutical and biological samples and the obtained results were found to be satisfactory.
INTRODUCTION
N-acetyl-L-cysteine (NAC) is the acetylated form of L-cysteine, as an amino acid 1 . NAC institutes an excellent source of sulphydryl groups (SH), which is switched in organism into metabolites capable to stimulate the synthesis of reduced glutathione (GSH) 2 . NAC is a great antioxidant to acts as a potentially therapeutic agent in the treatment of cardiovascular, respiratory diseases 3 , cancer 4 and human immunodeficiency virus (HIV) infection 5, 6 , acetaminophen toxicity 7 , and other diseases. A great deal of analytical methods such as spectrophotometry [8] [9] [10] [11] , chromatography [12] [13] [14] and fluorimetry 15 has been developed for the determination of N-acetyl-L-cysteine. However, these methods often require time spending complex pretreatment steps and their apparatus and operating cost are too expensive for routine analysis. Compared to these options, in analytical methods, electrochemical detection is an attractive method due to its simplicity, low expense and high sensitivity 16 . Uric acid (UA) is the primary product of catabolism of the purine 17 . Abnormal concentration level of UA in the body may be symptoms of several diseases, including gout, hyperuricaemia, and Lesch-Nyan syndrome 18 . So it is desirable to have a simple and direct method for determination of UA in pharmaceutical and biological samples. Individual determination of UA has been reported with other techniques [19] [20] [21] [22] [23] . Comparing with other techniques, electrochemical methods have received much interest because of its selectivity, convenience and low cost 24 . Tryptophan (Trp) is necessary amino acid for human and Herbivores to plays an essential role in brain functions and related regulatory mechanisms. It is sometimes added to dietary as food products and to pharmaceutical formulations in due to correct possible dietary deficiencies 25 . Trp is a vital constituent of proteins, the analysis of Trp is great importance in the pharmaceutical and dietetic fields as they are precursor molecules of hormones, a precursor of the neurotransmitter serotonin and other relevant bimolecular 26 . To date, several techniques have been reported for the determination of Trp in various samples. Some of these techniques are liquid chromatography 27 , spectrophotometric procedures 28 and capillary electrophoresis 29, 30 , but electrochemical methods have the advantages of high sensitivity, low cost and simple instruments, for determination of Trp 31 . 4-Chlorocatechol has been used as an electron transfer mediator in electrochemical processes due to their high electron transfer efficiency, excellent redox reversibility and low cost [32] [33] [34] . This compound as mediator were immobilized on the electrodes surface by various methods such as adsorption 35 , simply added to the test solution 36 or mixing in to carbon paste electrode 37 . In this study, the activity of 4-chlorocatechol as a homogeneous electrochemical catalyst for electrooxidation of NAC has been investigated at the surface of a glassy carbon electrode (GCE) in buffered aqueous media using various electrochemical methods. Here, a simple and sensitive method was reported for simultaneous voltammetric determination of NAC, UA and Trp based on their reactions with 4-chlorocatechol corresponding quinone.
Experimental
Reagents and materials All solutions were prepared using twice distilled water. Buffer solutions were prepared from orthophosphoric acid and its salts in the pH range of 4.00-8.00. Stock solutions of NAC, UA and Trp were freshly prepared as required. Potassium chloride from Fluka was used as a supporting electrolyte for all experiments. 4-chlorocatechol, NAC, UA and Trp were from Fluka and were used as received. All other reagents were analytical grade.
Instrumentation
Electrochemical experiment including cyclic voltammetry (CV), differential pulse voltammetry (DPV) and double-step potential chronoamperometry were recorded with an Autolab potentiostat/galvanostat (PGSTAT30, ECOCHEMIE, Netherlands) controlled by a personal computer. The experimental conditions for voltammetric measurements were controlled with general purpose electrochemical system (GPES). The measurements were carried out using a conventional three electrode cell using an Ag|AgCl|KCl (3 M) electrode as the reference and a Pt wire as the counter (auxiliary) electrode. A digital pH-meter (Ion Analyzer 250, Corning) with precision of ±0.001 was used to read the pH value of the buffered solutions. A glassy carbon disk electrode (Azar electrode Co., Iran) with a geometrical area of 0.0254 cm 2 , was used as working electrode. The experiments were carried out at room temperature.
RESULTS AND DISCUSSION
Electrochemical oxidation of 4-chlorocatechol at the surface of GCE Cyclic voltammograms of 0.5 mM 4-chlorocatechol in 0.1 M phosphate buffer solution (pH 7.00) containing 0.1 M KCl as a supporting electrolyte at the surface of the GCE at scan rate of potential (υ) 20 mV s toward less positive potential. As discussed above, this also represented that 4-chlorocatechol can be electrochemically converted to 4-chloro-1, 2-benzoquinone and will readily undergo reaction with thiols possessing sulphydryl group. Hence, the increase in the oxidation peak height is attributed to the oxidation of 4-chlorocatechol-NAC adducts that arises through the electrochemically initiated reaction previously. In fact, once 4-chloro-1, 2 benzoquinone is formed, it could react with a variety of nucleophile reagents, as those possessing sulphydryl (-SH) groups 38 . In addition, the effect of potential scan rates (10-80 mVs -1 ) on the electrochemical oxidation of NAC in the presence of 4-chlorocatechol was studied at the surface of GCE (Figure 3) . The plots of the oxidation peak currents of NAC were linearly depended on the square root of the potential scan rate (υ 1/2 ) (Figure 3 inset A) , which demonstrates a diffusion-controlled electrochemical process. The Tafel slope (Figure 3 inset B) can be obtained from the slope of E p vs. log υ using following Equation 39 :
The Tafel slope was found to be 0.1188 mV (Figure 3 . Inset B), which indicates that a one-electron transfer process is the rate limiting step, and a transfer coefficient α, was calculated about 0.38. The electrooxidation product of 4-chlorocatechol subsequently undergoes a chemical addition reduction process with NAC as a nucleophile agent to produce the reduced adduct compound. In the presence of the thiol moiety in the structure of the product, due to its electron donating property, facilitates the electrooxidation of the additional product and decreases its anodic potential It is well-known that the electrochemical behavior of 4-chlorocatechol and NAC are dependent on the pH value of the aqueous solution 40 . Therefore, pH optimization of the solution seems to be necessary to obtain the electrooxidation of NAC in the presence of 4-chlorocatechol at the surface of GCE. Thus, we studied the electrochemical behavior of 50 µM NAC in 0.1 M phosphate buffered solution at various pH values (4.00-8.00) in the presence of 0.25 mM 4-chlorocatechol at the surface of GCE. (Figure 4 ) As can be seen, the electrooxidation peak of NAC in the presence of 4-chlorocatechol was shifted to a less positive potential with increasing of pH at the surface of GCE ( Figure  4 inset A) and concerning the observed slopes of −0.061 mV/pH for NAC, it can be concluded that equal number of electrons and protons are involved in their electrode reactions. Figure 4 shows the variation of anodic peak currents of NAC in the presence of 4-chlorocatechol versus pH values. As the solution pH was lowered, the thiol functionality was increasingly protonated and hence the nucleophilicity character of the thiol moiety diminished. It can be observed from Figure 4 , that the anodic peak currents of NAC increase with an increase in the solution pH and in pH 7.00 a maximum anodic peak current was achieved. However in the higher pH, due to the OH − involved in micheal addition and challenge with NAC, anodic peak current of NAC reduced. Therefore, pH 7.00 was chosen as the optimum, which is much closer to physiological pH value for electrooxidation of NAC in the presence of 4-chlorocatechol at GCE. Chronoamperometry studies Double potential step chronoamperometry as well as other electrochemical methods was employed for the investigation of electrochemical processes. Therefore, we studied the electrochemical behavior of NAC in an aqueous buffered solution (pH 7.00) in the presence of 0.25 mM 4-chlorocatechol at the surface of GCE using chronoamperometry method. Figure 5 shows current time curves of 0.25 mM 4-chlorocatechol in 0.1 M phosphate buffered solution (pH 7.00) by setting the working electrode potential at 0.2 V (first potential step) and 0.11 V (second potential step) versus Ag|AgCl|KCl (3 M) in the presence of various concentrations of NAC. There is not any net cathodic current corresponding to the reduction of 4-chloro-1.2-benzoquinone to 4-chlorocatechol in the presence of NAC, when the second potential step is employed. The oxidation current value increases with increasing of NAC concentration at first potential step. The current corresponding to the electrochemical reaction of an electroactive compound (under diffusion controlled) is described by Cottrell equation 41 :
where D app and C O are the apparent diffusion coefficient (cm 2 s -1 ) and the bulk concentration (mol cm -3 ), respectively. The plot of I versus t 1/2 was linear (not shown), and from its slope, the mean values of the D app of NAC was calculated 0.45×10 -7 cm 2 s -1 . As 4-chlorocatechol can act as a homogeneous electrochemical catalyst for electrooxidation of NAC, the rate constant for the chemical reaction (k h ) can be evaluated by chronoamperometry according to the method described by Galus 42 :
Where I C is the anodic current in the presence of NAC, I L is the diffusion limited current in the absence of NAC, and C O is the initial concentration of NAC in bulk solution. From the slop of I C /I L versus t 1/2 plot ( Figure 5 , inset), the value of rate constant for chemical reaction between NAC and 4-chloro-1,2 benzoquinone produced from electrooxidation of 4-chlorocatechol, k h can be simply calculated for a given concentration of substrate. The calculated value of k h for NAC is 1. plot. The value of k h explains as well as the sharp feature of peak observed for electrochemical oxidation of NAC in the presence of 4-chlorocatechol at the surface of GCE. 
Calibration plot and limit of detection

Simultaneous voltammetric determination of NAC, UA and Trp
The main point of this study was the determination of NAC, UA and Trp, simultaneously. This was performed by alternatively changing the concentrations NAC, UA and Trp, and recording their DPV signal. The DPV results showed three well-distinguished anodic peaks at the surface of GCE; therefore the simultaneous voltammetric determination of NAC, UA and Trp was possible at the surface of modified electrode in the present of 4-chlorocatechol (Fig. 6) . By contrast, in the absence of 4-chlorocatechol, GCE could not separate the voltammetric signals of NAC, UA and Trp as only one broad oxidation peak was obtained for these three analytes. Table 1 compares these values for UA with values reported by other research groups for electrocatalytic oxidation of these compounds at the surface of various electrodes. A survey of the data reveals that the obtained results from the present electrode are comparable with other modified electrodes for determination of NAC, UA and Trp. 
Interference studies
The interference effect was studied on the analysis signal of NAC. Various possible interfering substances, such as dopamine, acetaminophen and ascorbic acid were examined for their effect on the voltammetric determination of NAC under the optimum conditions. The results showed there was no substantial change in the peak current of NAC in the absence and presence of these interfering agents. The data are summarized in Table 2 . 
Determination of NAC in pharmaceutical preparations
The ability of the purposed method for voltammetric determination of NAC was employed the voltammetric determination of NAC in real sample. Tablet solutions were prepared from thoroughly grinding and mixing a tablet of NAC (labeled 600 mg, Avicenna Co., Saveh, Iran). An adequate amount of the obtained fine powder dissolved in 0.1 M phosphate buffer pH 7.0 using an ultrasonic bath for 5 min. Different amounts of each solution were transferred into the 10.0 mL voltammetric cell and analyzed by standard addition method. The results show that the present method is credible for the quantification of NAC in pharmaceutical samples. The obtained results are shown in Table 3 . 
CONCLUSIONS
An electrochemical study step by step was presented on the electrooxidation of 4-chlorocatechol as a homogenous electrochemical catalyst for simultaneous determination of NAC, UA and Trp at the surface of GCE in buffer aqueous medium. The reaction was applied successfully for the selective simultaneous voltammetric determination of NAC, UA and Trp in aqueous media; due to an increase in the anodic current attributed to the reoxidation of the thiol addition product. Also, it could be exploited as means of quantifying the concentration of the NAC, UA and Trp. This homogeneous electrochemical catalyst showed to be promising for NAC, UA and Trp determination with many desirable properties including high sensitivity, low detection limit and decrease in overvoltage for the electrochemical oxidation of these compounds. Nevertheless, the electrode was reliable, simple, rapid to prepare, low cost, precise and did not require extensive preliminary sample treatment.
